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1. Introduction

Over the last decade, lead halide perovskite solar
cells (PSCs) have emerged as a highly promis-
ing research direction in the field of photo-
voltaics. The excellent photovoltaic properties of
the perovskite material combined with continu-
ous optimization have enabled PSCs processing
with certified power conversion efficiencies
(PCEs) reaching up 25.5%, comparable with
the record PCE of the state-of-the-art crystalline
silicon solar cells (26.7%).[1,2] Despite the
impressive progress made in producing high-
quality polycrystalline films, further study on
effective passivation strategies and the optoelec-
tronic properties of the perovskite interfaces is
still required to unlock the full potential of the
perovskite devices.[3–5] Among these, address-
ing the impact of defects through passivation
has frequently been identified as essential for
the development of high-performance PSCs.[6]

Defects formed within the crystal structure,
such as vacancies, interstitials, and antisites, can
behave as nonradiative recombination centers
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Recent advances in heterojunction and interfacial engineering of perovskite
solar cells (PSCs) have enabled great progress in developing highly efficient
and stable devices. Nevertheless, the effect of halide choice on the formation
mechanism, crystallography, and photoelectric properties of the low-
dimensional phase still requires further detailed study. In this work, we
present key insights into the significance of halide choice when designing
passivation strategies comprising large organic spacer salts, clarifying the effect
of anions on the formation of quasi-2D/3D heterojunctions. To demonstrate
the importance of halide influences, we employ novel neo-pentylammonium
halide salts with different halide anions (neoPAX, X=I, Br, or Cl). We find that
regardless of halide selection, iodide-based (neoPA)2(FA)(n-1)PbnI(3n+1) phases
are formed above the perovskite substrate, while the added halide anions
diffuse and passivate the perovskite bulk. In addition, we also find the halide
choice has an influence on the degree of dimensionality (n). Comparing the
three halides, we find that chloride-based salts exhibit superior
crystallographic, enhanced carrier transport, and extraction compared to the
iodide and bromide analogs. As a result, we report high power conversion
efficiency in quasi-2D/3D PSCs, which are optimal when using chloride salts,
reaching up to 23.35%, and improving long-term stability.
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and contribute to power losses within devices.[7–9] Additionally, we
now understand that defects can be mobile within the perovskite film,
enabling migration through the lattice and accumulation at the inter-
faces, contributing to hysteresis phenomena.[10,11] Moreover, the accu-
mulated mobile defects states at the perovskite surfaces lead to pinning
of the Fermi levels, screening the built-in voltage, and limiting the
open-circuit voltage (Voc).

[12,13] In addition to electrical performance,
reactive defects at the perovskite interfaces have been heavily linked to
the long-term stability of the PSCs, enabling pathways toward chemical
degradation.[14,15] Consequently, effective management of unexpected
defects is essential for both device performance and environmental
stability.

While the formation of point defects in solution-processed per-
ovskite films is largely unavoidable, two strategies have been utilized to
minimize their impact on PSC performance. Firstly, encouraging greater
crystallinity and larger grains directly reduces the concentration of
defect states that form in the bulk perovskite film.[16–19] Secondly,
where defects do occur, effective surface passivation can be used to sup-
press their destructive behavior.[20–26] Recently, Kim et al. demonstrated
that the addition of MACl to perovskite precursors had been linked to
improved crystallinity of the resulting perovskite.[27,28] Further tuning
the precursor solution, Seok et al. highlighted that an excess of iodide
ions within the perovskite film could reduce iodide vacancies, passivat-
ing deep iodine-based trap states.[29,30] More recently, the addition of a
secondary low-dimensional perovskite capping layer, comprising of lar-
ger organic spacer cations has stood out as an effective approach to pas-
sivation.[26,31–33] The resulting low-dimensional perovskite phases,
known as Ruddlesden–Popper (RP) phases, can be described with a
general formula A’2A(n-1)PbnX(3n+1). The properties of RP phases are
highly dependent on the n value, which corresponds to the number of
inorganics [BX6]

4� octahedral layers stacked between two organic
spacer molecules (A’).[34] As a consequence of the tunable dimensional-
ity of RP phases, ambiguity exists over the dimensionality of the per-
ovskite phases formed when using a post-treatment process. Recently,
You et al. have suggested that in the absence of an annealing stage after
the deposition of the organic salt solution, no RP phases are
formed.[20,35,36] While the tendency of low-dimensional phases to
form under heating is becoming increasingly better understood, the
influences on the n number of the secondary perovskite are less well
understood. Conflicting arguments have previously suggested that both
n = 1 (pure 2D phase) and n ≥ 2 (quasi-2D phase) can be formed fol-
lowing treatment with a secondary large cation solution, presenting the
need for further clarification.[12,36,37] Crucially, the ambiguity in the
low-dimensional phase has led to a number of conflicting reports of
the formed heterojunction type and carrier behavior at the inter-
face.[38,39]

In recent years, some light has been shed on the influence of organic
spacer cation choice for the post-treatment of crystallized 3D films.[40]

To date, a number of different organic spacer cations have been incor-
porated into the perovskite post-treatment solution, including
phenethylamine, long-chain alkylammonium halides, polyethylen-
imine, and trifluoroethylamine.[6,41–43] Among these works, Seok et al.
investigated the influence of chain length in alkylammonium spacer
cations, finding higher-performing devices and much-improved stabil-
ity when compared to conventional pure 3D PSCs.[43] Wang et al. com-
pared the passivation effect of electron-donating groups and electron-
withdrawing groups based on four phenethylammonium iodide
salts.[44] While further research is still required in producing clearer
design criteria for organic cation choice, the effect of the halide anions

is equally essential, yet largely overlooked. As of writing, the impact of
halide anion choice on surface passivation has been neglected, and
more comparative studies between halide anions are necessitated. The
formation of a 2D and/or quasi-2D interlayer has shown to be an effec-
tive method to passivate both positive and negative charged point
defects.[45–47] However, to date, the vast majority of 2D/3D perovskite
devices have predominantly use iodine-based salts to conduct low-
dimensional phase passivation.[48–52] A transition has recently occurred
away from iodide-based spacer cations in favor of bromide-containing
salts enabling PSCs among the highest PCEs.[26,53–55] From this emerg-
ing transition, it is clear that the effect of the counter anion in the passi-
vation salts requires detailed further study, considering both
crystallographic and optoelectronic properties.

In this work, we seek to offer these much-needed insights into the
effect of halide choice on the properties of the low-dimensional per-
ovskite phase. To understand the synergistic role of the halide anions
on both quasi-2D layer formation and passivation, we use a post-
treatment technique to form low-dimensional structures that present
above the FA1-xMAxPbI3 perovskite on the top surface. To do this, we
conduct an in situ secondary growth on the surface of the 3D
perovskite film using a series of alkylammonium salt solutions with
varying halides, namely neo-pentylammonium iodide (neoPAI),
neo-pentylammonium bromide (neoPABr), and neo-pentylammonium
chloride (neoPACl). Treating the perovskite films in this way, we
next investigate the crucial role of halide anions play in the formation
of low-dimensional perovskite structures utilizing state-of-the-art crys-
tallographic techniques. In particular, we identify neoPACl-treated FA1-
xMAxPbI3 as particularly promising for producing high-efficiency
devices, owing to an out-of-plane growth of the secondary perovskite
phase, enhancing the perovskite crystallinity, and facilitating charge sep-
aration. Finally, we conclude our discussion on halide choice by fabri-
cating PSCs and comparing the device properties. The fabricated devices
reveal that neoPAX salts considerably enhance the PCEs of the PSCs from
20.93% for the control devices to 22.12%, 22.59%, and 23.35% for
the neoPAI, neoPABr, and neoPACl-treated devices, respectively, while
also improving long-term stability. Our work thus provides a novel
and thorough perspective into the formation mechanism of low-
dimensional interlayers with multi-n values induced by different halide
substitutions via in situ secondary growth.

2. Results and Discussion

In this work, 3D perovskite films based on a double-cation composition
of FA1-xMAxPbI3 ((FAMA)PbI3) were fabricated using a sequential two-
step deposition process, with MACl as an additive (experimental details
provided in the Supporting Information).[20] For the secondary growth
of the low-dimensional phase, neoPAX salts were deposited following a
conventional procedure,[43] spin-coating a 25 mM neoPAX isopropanol
solution onto the 3D perovskite surface before annealing. The resulting
changes in the morphology of the perovskite film following the neo-
PAX deposition were characterized using a combination of scanning
electron microscopy (SEM) and atomic force microscopy (AFM). In the
unmodified control films, the perovskite exhibits large grains with an
average grain size of ~1 lm and a thickness of 650 nm (Figure 1a,c).
Additionally, we observe small plate-like features on the film surface
with a bright contrast, attributed to PbI2 at the GBs. Upon the addition
of the neoPAX solution, a distinct change in surface morphology is
observed. Regardless of the halide choice, the perovskite surface
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morphology is changed, forming new flake-like features. The newly
formed flake-like structures on the perovskite surface are consistent
with previous reports of phase changes occurring at the surface from
3D to low-dimensional phases and indicate a secondary nucleation step
has occurred.[56,57] The change in surface morphology is further
observed in AFM topography measurements of the neoPAX-treated
films (Figure 1b and Figure S1). Accordingly, the calculated root-
mean-square roughness (RRMS) of the various LDP modified films (Fig-
ure S2) are larger than the control value of 31.34 � 8.79 nm, reach-
ing 42.37 � 9.42, 44.67 � 5.23, 45.34 � 7.47 nm for I, Br, and Cl
halide salts, respectively. The increased roughness relative to the control
is attributed to the formation and nucleation of a new perovskite phase
on the surface combined with recycling and removal of material from
the perovskite substrate needed to form the new phase.[56]

To further understand how the crystallography of the new phases
observed in the surface microscopy varies between the halides, crystal-
lographic measurements were conducted using surface-sensitive graz-
ing incidence wide-angle X-ray scattering (GIWAXS). Comparing the
diffraction patterns in Figure 2a–d (scattering intensity maps in recip-
rocal length units), the neat pseudo-cubic FA(MA)PbI3 perovskite exhi-
bits two primary grain orientations, with crystallinity predominantly in
the out-of-plane direction (peaks observed at [100]c (q = 1 �A�1) and
[200]c (q = 2 �A�1) in Figure 2a) as analyzed the perovskite (100) azi-
muthal intensity profile in Figure S3.[19] Upon conducting the neoPAX
treatment, the texturing of the diffraction rings is slightly enhanced,
confirming a recrystallization process occurs during the in situ sec-
ondary reactions, improving the film crystallinity (Figure 2a–d, i). Azi-
muthally integrated 1D scattering in Figure 2e shows characteristic

reflections from the pseudo-cubic FA(MA)PbI3 perovskite, as well as
PbI2 in all samples at 0.91 �A�1 (equivalent Cu Ka 2h = 12.8°). Signifi-
cantly, the intensity of the PbI2 signal intensity is reduced in the
neoPABr- and neoPACl-treated samples. These reductions in PbI2 inten-
sity are observed concurrently with the emergence of a scattering
feature at 0.48 �A�1 (6.8°) in treated samples, linked to the
low-dimensional phase formation. From this low grazing angle (1°)
observation, it is concluded that the excess PbI2 phase on the surface of
the pristine perovskite film is partially consumed in order to form a
low-dimensional phase at the surface region. We therefore identify that
PbI2 on the surface is predominantly the Pb2+ source for the formation
of low-dimensional phases when using neoPABr and neoPACl, rather
than the 3D perovskite, as discussed in further detail in later sections.
This observation of PbI2 consumption is further encouraged by the
removal of the bright contrast flake structures in the SEM images of
treated films, which is attributed to the PbI2. Such consumption of
residual PbI2 to form 2D phases is consistent with previous works in
which phenethylammonium iodide is deposited on 3D per-
ovskite.[25,58] Interestingly, different behavior is observed in the case of
iodide-based salts, suggesting the formation of low-dimensional phases
is dependent on the halide choice in the passivating salts, discussed in
greater detail in further sections.

While the neoPA+ cation has not yet been reported to form Ruddles-
den–Popper phases, it is similar in length and structure to other
branched alkylammonium cations such as isobutylammonium (isoBA)
but with an additional branched methyl group (Figure S4). As with
other alkylammonium cations,[59] the isoBA cation has been reported
to form layered structures with the general composition

(a)

(b)

(c)

Figure 1. a) Surface morphologies of perovskite films without and with LDP-optimized treatment conditions acquired with scanning electron microscopy.
b) Atomic force microscopy images of control and LDP-passivated perovskite films. c) Cross-sectional SEM images of the control and LDP-passivated
perovskite films with contact layers.
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(isoBA)2(MA)n-1PbnX3n+1 where X is a halide anion.[60–63] Of these lay-
ered structures, two n = 1 phases have been directly synthesized,
namely (isoBA)2PbI4 (Figure S5) and (isoBA)2PbBr4, which occupy
monoclinic structures with distorted octahedral layers at room tempera-
ture (space group P21/c).

[60,62] The n = 2 (isoBA)2(MA)Pb2I7 compo-
sition expresses a slightly monoclinic structure with greatly reduced
octahedral distortions,[62] a trend which continues with the higher
n = 3, 4 members (all indexed with space group C2/c).[63,64] In these
films, because of the similar chemical characteristics of the isoBA+ and
neoPA+ cations, we expect comparable structures will be adopted if
they are formed during the post-treatment, resulting in phases with
composition (neoPA)2(FA)(n-1)PbnX(3n+1).

Scattering patterns of the films at different incidence angles between
0.2° and 1.0° were collected to further explore the phase changes from
the surface to the bulk perovskite (Figure S6).[65,66] Reducing the
incidence angle of the X-rays (0.2°) to shorten the probe depth in the
perovskite film and increase surface sensitivity, we found that low-
dimensional scattering features are present at higher intensity relative to
the 3D perovskite substrate at the surface. As expected from the
evidence of secondary growth on the surface imaging, this result
emphasizes that the new low-dimensional phases tend to be distributed
at the top surface of the 3D perovskite substrate. In all cases, we find
that the addition of a large spacer cation (neoPA+) forms new scattering
features which are orientated out of plane and have larger d-spacings

Figure 2. GIWAXS characterization of microscopic crystal structure of neat and neoPAX-treated FA(MA)PbI3 films. a–d) 2D scattering of neat and LDP-
passivated perovskite films by neoPAI, neoPABr, and neoPACl at a grazing angle of ai = 1°. e) Azimuthally integrated scattering for neat perovskite film and
LDP treatment films with Miller indices of reflections from the perovskite phase marked, collected at an incidence angle ai = 2° to minimize peak
broadening. f) The highlighted low-angle region with marked reflections ascribed to newly formed (neoPA)2(FA)(n-1)PbnX(3n+1) Ruddlesden–Popper phases.
These are compared to normalized X-ray diffraction patterns from neo-pentylammonium lead halide thin films. g, h) Schematic structures of 2D/3D and
quasi-2D/3D perovskite films induced by neoPAX with different anions. i) XRD patterns of perovskite films without and with neoPAX incorporation.
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than the pristine perovskite, the n = 1 (100) and n = 2 (020) azi-
muthal intensity profile have shown in Figure S7. The patterns are thus
indicative of forming a quasi-2D/3D heterojunction structure with par-
allel orientation and layered phases. We next consider the more subtle
differences between the different crystallography of the halides.

To probe the direct influence of different halide anions on crystallo-
graphic properties, we first compare the scattering features from the
quasi-2D phases using grazing incidence X-ray diffraction (GIXRD),
with the characteristic peaks of neoPAX powders (Figure S8). Using
this approach, we confirm that the new phases formed are indeed low-
dimensional perovskite materials rather than the crystallized neoPAX
powder on the surface. We next fabricated low-dimensional (neoPA)2
(FA)(n-1)PbnX(3n+1) thin films with structures of n = 1 (neoPA)2PbI4
and n = 2 (neoPA)2FAPb2I7 to act as references. The resultant diffrac-
tion patterns were compared with the X-ray scattering patterns from
these films with the peaks from treated samples, as shown in Figure 2f.
The thin film measurements confirm that the peak at q = 0.48 �A�1 is
from the n = 1 LDP phase and is attributed to the (100) reflection of
the (neoPA)2PbI4 2D perovskite. In a key observation, we find that the
n = 1 (100) reflection of (neoPA)2PbI4 at 0.48 �A�1 was present in all
neoPA+-treated samples regardless of halide choice (Figure 2f). This
suggests that the iodide-based low-dimensional phase is the thermody-
namically favorable composition, and thus, the neoPA+ reacts with
iodide from PbI2 preferentially rather than the halide of the salt (Br�,
Cl�), to form a low formation energy iodide phase.[60,67,68] We attri-
bute the iodide-based phase formation to the preferential reaction
between neoPA+ and excess PbI2 on the pristine 3D perovskite film,
instead of reacting with native anions (Br� or Cl�) introduced from
the neoPAX salts. This is in good agreement with the previously dis-
cussed reduction in PbI2 intensity in GIWAXS. In the case of using neo-
PAI, the halide required to form the iodide-based perovskite phases is
the native salt halide, and as such, the formation is likely modified. This
is reflected in the larger PbI2 and smaller [100] 3D-phase reflections
when perovskite films are treated with neoPAI, attributed to localized
break down of 3D perovskite at the film surface.

To further confirm our finding that solely iodide phases are formed,
we fabricated low-dimensional perovskite films consisting of pure
(neoPA)2PbBr4 and (neoPA)2PbCl4 for comparison with neoPAX-
treated samples (Figure 2f and Figure S9A). Comparing the (100) peak
positions, we observe that the (neoPA)2PbBr4 and (neoPA)2PbCl4
phases have a greater interlayer spacing in the (100) plane than (neo-
PA)2PbI4 and subsequently exhibit diffraction peaks at lower angles in
the X-ray diffraction (XRD) patterns (Figure 2f). This is consistent with
the reference X-ray scattering patterns from three isobutylammonium
lead halide phases with the peaks in our data (Figure S10). Consistent
with our findings, we note that no shift of the (100) peak at 0.48 �A�1

(6.8°) is observed in all three treated films, further proving the n = 1
low-dimensional perovskite component is (neoPA)2PbI4.

In the previous section, we have discussed the tendency of all halides
to form pure iodide-based low-dimensional phases. However, it is
notable that differences remain in terms of the n number. As discussed,
GIWAXS patterns of the treated perovskite surface reveal that both
neoPAI- and neoPABr-treated samples exhibit a clear n = 1 correspond-
ing to neoPA2PbI4 (Figure 2f,g), with stronger low-dimensional peaks
in neoPABr sample; thus, in turn it corresponds to the difference in sur-
face morphology (Figure 1a). Interestingly, in the case of the neoPACl,
extra phases can also be distinguished from the diffraction pattern. The
features are indexed as reflections from (neoPA)2FAPb2I7, with the
(020) peak at q = 0.33 �A�1 (4.6°) and (040) at q = 0.65 �A�1 (9.1°)

(Figure 2f,h). Partial Bragg rings are observed (Figure 2d) with the
highest intensity along the qz axis, which can be ascribed to the quasi-
2D perovskite forming with a slight texture, in agreement with the dis-
cussed morphological characterization.[52,69,70] Additionally, we also
confirm no detectably large scattering domains of higher n-value quasi-
2D phases present even when neoPAI and neoPABr concentrations
increase to 50 mM (Figure S9B), which excludes the effect of halide
concentration on the formation of quasi-2D phases.

Taken together with these results, we find that the halide anion
strongly influences the recrystallization dynamics and the degree of
dimensionality (n value) of the secondary low-dimensional phases
rather than the composition. The tendency to form n > 1 phases after
chloride-salt incorporation could result from the preferential coordina-
tion of halogen due to the electronegativity between the metal ions and
different halide anions,[71] resulting in multiple [PbI6]

4� octahedral
units and a thicker layered structure. Despite noting the formation of
the new iodide-based low-dimensional phases in the neoPACl-treated
samples, it remains unclear if the Cl� is partially incorporated into the
bulk perovskite composition, or plays a role in the crystal growth, simi-
lar to MACl during the recrystallization process.[27,63]

To gain a better understanding where the native halide anions from
the added salts are distributed within the modified perovskites, time-
of-flight secondary-ion mass spectroscopy (ToF�SIMS) was performed
with both negative and positive polarity (Figure 3a–d). As expected,
neoPA+ cations were observed with higher intensity at shorter sputter-
ing times, which further confirms that 2D and quasi-2D perovskite
phases are present at the perovskite top surface rather than being uni-
formly distributed throughout the bulk perovskite films (Figure 2g,h),
consistent with the previous GIWAXS conclusions. While it is not pos-
sible to distinguish I� and Cl� anions introduced by the neoPAX salt in
the 3D perovskite films which contain native I� and Cl� anions, we
speculate that the additive halides become distributed in a similar fash-
ion to that of the Br� distribution. Significantly, we observe that the
introduced Br� anions exist throughout the bulk perovskite film when
films are treated with neoPABr. This conclusion is supported by Cl�

being present in a similar profile to that of Br� in the neoPACl-treated
sample, suggesting that the introduced Cl� also diffuses within the film
(Figure 3e). Furthermore, we note no significant change between the
neoPAI-treated film and control in the iodide distribution; this is attrib-
uted to the additional iodide forming 2D interlayer. This phenomenon
suggests that the small halide ions readily migrate and diffuse through
the perovskite during the post-treatment process.[72,73] Previous works
have shown that diffusion of Br and Cl halides into the bulk of the per-
ovskite from a surface treatment can have a profound passivation effect,
particularly on deep-trap states.[73] We expect similar passivation of trap
states to occur from the diffusion of the neoPAX halide within the bulk,
as discussed more detail in the following sections.

To probe the effect of the diffused additive halides on point defects
within the perovskite film, we investigate the change in micro-strain of
the 3D perovskite film. It has been reported that residual lattice micro-
strain in perovskites is directly associated with reduced point defect
concentrations and thus lower nonradiative recombination.[74,75]

Williamson–Hall (WH) plots (Figure S11) were employed to estimate
the variation in lattice strain (ɛ) of LDP-terminated films from the
XRD patterns using multiple peaks from the 3D perovskite phase, calcu-
lated in Figure 2i. As shown in Figure 3f, for the LDP-
passivated perovskite surface, the micro-strain in these quasi-2D/3D
perovskite films is dramatically decreased, showing a trend of
ɛ(control) > ɛ(neoPAI) > ɛ(neoPABr) > ɛ(neoPACl). The lowest strain occurs
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when neoPACl is incorporated onto the FA(MA)PbI3 surface. This
observation is consistent with the diffusion of bromide and chloride
ions into the perovskite film, leading to the passivation of point defects
and a reduction in strain. Therefore, we identify that the choice of
halide salts in post-treatment processing has a significant effect on
reducing residual lattice micro-strain and defect states, further improv-
ing the overall crystallinity of the perovskite film.

To further probe the changes in the 3D perovskite film, a full XPS
spectrum for the various passivated perovskites was carried out, reveal-
ing the elemental distribution, as shown in Figure S12A. For the N 1s
spectrum in all samples, the feature around 400.6 eV can be attributed
to the C=N bond in the FA+ cation (Figure S12B).[44] The characteristic
C=N peak moves to lower binding energies with the incorporation of
the LDPs, which is likely a consequence of the electron-donor effect
from neoPA+ cations, forming a more electron-rich environment
around the FA+.[76] We note that an extra C�N peak emerged after

LDP passivation at a binding energy of 402.2 eV that we assign to be
the C�N bond in neoPA+. Furthermore, we examined the average
halide/lead (X/Pb) ratio at a depth of around 10 nm of the film sur-
faces to semi-quantitatively analyze the various perovskite interfaces
(Figure 3g). From high-resolution I 3d, Br 3d and Cl 2p core-level
spectra (Figure 3h and Figure S12C), the X/Pb ratio is calculated as
2.20 for the pristine film, while values 2.75, 2.67, and 2.77 were
recorded for neoPAI, neoPABr, and neoPACl-passivated samples, respec-
tively. This increase may derive from the extra added halide anions and
a minor reduction of PbX2 at the interface. In turn, we speculate this
effect helps to reduce the halide vacancies on the perovskite film surface
and inside the bulk, removing traps and improving the transport and
extraction of carriers at the heterojunction interface.[77] Conducting
UV�visible (UV�vis) spectroscopy revealed a blue shift of absorption
edge after the LDP formation induced by neoPABr or neoPACl com-
pared to the control sample (Figure S12D). This effect is most notable

Figure 3. a–d) ToF�SIMS depth profile analysis of pristine perovskite, neoPAI-, neoPABr- and neoPACl-treated perovskite samples. e) Comparison of Cl�

anions between different treated samples and pristine perovskite films. f) Residual strain calculated in various perovskites consisting of glass/perovskite. g) The
high-resolution I 3d, Cl 2p, Br 3d, and Pb 4f core energy level spectra and X/Pb (X=I, Br, Cl) ratio from various perovskite films. h) High-resolution Br 3d and
Cl 2p core-level spectra of perovskite films without and with the passivation of neoPAX. i) Tauc plots of the perovskite thin films prepared without and with
neoPAX post-treatment.
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in the neoPACl-passivated sample, where Tauc plots constructed of the
absorption onset reveal a slightly enlarged optical bandgap from 1.53
to1.54 eV (Figure 3i). This shift of the band edge further demonstrates
that the Cl and Br diffuse into the 3D phase and altering the composi-
tion, in agreement with our previous discussion.

We further studied the photophysical properties of the neoPAX-
treated perovskite films compared to the pristine film. To discern the
origin of the blue shift, steady-state photoluminescence (PL) was con-
ducted on both sides of the films. Measuring the rear surface of the
neoPAX-treated samples, we see a clear blue shift going increasing from
Cl� > Br� > I� (Figure 4a). The observed blue shift indicates that the
choice of halide has a clear influence on the bulk perovskite through
the film, owing to anion exchange and diffusion as previously dis-
cussed in the ToF-SIMS and UV�vis measurements.[46] After LDP passi-
vation, the PL spectrum also exhibits increased intensity, while the
absorbance in the UV�vis and film thickness remain approximately
constant. This result further suggests that the defect concentration is
reduced, suppressing the nonradiative recombination of carriers.[78]

Interestingly, PL conducted with front excitation shows three emission
peaks at higher energy (Figure 4b), which can be attributed to the
emission from the LDP phases with n = 1, 2 and 3. The appearance of
a peak around 600 nm in the PL spectra upon front excitation at a shal-
low angle (20°) suggests that small regions of n = 3 may exist within
the low-dimensional phases and can be observed using highly sensitive,
high fluence, and steady-state optical spectroscopic techniques. This
result is consistent with the existence of multi-n values in the 2D/3D
structure in previous works.[79–81]

In addition to steady-state PL, time-correlated single photon count-
ing (TCSPC) was carried out to probe the charge–carrier decay

dynamics and gain insights into nonradiative carrier recombination
processes in the LDP-passivated films (Figure 4c). The PL decay curves
were measured using the peak emission at 800 nm, and the average
carrier lifetime values were fitted with the bi-exponential equa-
tion Y = A1exp(�s/s1) + A2exp(�s/s2).

[82] The longer average life-
times in the LDP-passivated films highlight that the modified perovskite
film undergoes a slower depletion of the photogenerated carriers,
attributed to the passivation effects of the quasi-2D phase on the 3D
perovskite phase, when measuring from the passivated side, thus reduc-
ing the nonradiative recombination which occurs at the interface
(Table S1). Within these quasi-2D/3D films, the low-dimensional
interlayer with an additional n = 2 phase induced by using neoPACl
significantly enhances the film quality and carrier lifetime from
110 � 0.01 ns of the control film to 692 � 0.01 ns.

To better evaluate the LDP-based perovskite carrier transport
properties, the trap density of electrons and holes were evaluated
quantitatively by space-charge limited current (SCLC) measurements.
Electron-only devices with the structure of ITO/SnO2/perovskite/
PCBM/Au and hole-only devices with ITO/perovskite/Spiro-
OMeTAD/Au were fabricated (see Experimental Section in Supporting
Information). Figure 4d,e show the dark current–voltage curves with
an ohmic region, a trap-filled limited (TFL) region, and a trap-free
SCLC region. The trap density (Nt) was calculated as previously
reported,[83,84] using the trap-filled limit voltage (VTFL) from the equa-
tion of Nt = 2e0erVTFL/qL

2, where e0 is the vacuum permittivity, er is
the relative dielectric constant,[85] q is the elementary charge, and L is
the thickness of the perovskite films. VTFL is then obtained by fitting the
dark current–voltage curves. It is found that after modification of per-
ovskite with neoPACl, the electron defect density of perovskite film is

Figure 4. a, b) Steady-state photoluminescence spectra of quasi-2D layered perovskite formed after neoPAX treatment measure from the backside (glass
side) and front side (perovskite side). c) Time-resolved photoluminescence kinetics for the pristine and LDP-passivated perovskite films. d, e) Dark current–
voltage measurements of the electron-only devices and hole-only devices passivated by neoPAX. f) Calculated electron trap density and hole trap density.
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reduced from 6.50 9 1015 to 4.22 9 1015 cm�3, and the hole defect
density decreased from 9.75 9 1015 to 5.52 9 1015 cm�3 (Fig-
ure 4f). This observation is consistent with the reduction in lattice
micro-strain and could be attributed to a combination of highly orien-
tated and crystalline films when using the LDP interlayer, and the passi-
vating effect of diffused halides introduced from the neoPAX
treatment.[73]

In the previous discussion, we find that using neoPACl exhibits the
most benefit to the crystallographic and optoelectronic properties. To
further characterize the carrier dynamics in quasi-2D/3D heterojunc-
tion induced by neoPACl, transient reflection (TR) spectroscopy mea-
surements were carried out.[86] Figure 5a shows the TR spectra of the
neoPACl-passivated perovskite active layer with a thickness of ~650 nm
under a 520-nm pump from the front side. Two sharp negative fea-
tures positioned at 540 and 790 nm are observed, indicating a pho-
toexcitation of two distinct energy levels. Previous work has shown
that for thick perovskite crystals, where a relatively large refractive index
applies, the inverse Hilbert transform of the TR spectrum is approxi-
mately proportional to the transient absorption (TA) spectrum.[87]

Under an inverse Hilbert transform shown in Figure S13, the low-
energy sharp feature in the TR spectra indicates a ground state bleach
peaking at ~790 nm in the “pseudo-TA” spectra, corresponding to the
band edge of the 3D FA(MA)PbI3 perovskites. This is further confirmed
by the TR spectra of a pristine 3D FA(MA)PbI3 perovskite in Figure 5d,
where identical low-energy features are observed. To identify the nat-
ure of the high-energy feature, a low-photon-energy pump (720 nm)
was used to excite the neoPACl-passivated perovskite sample from the
front side as shown in Figure 5b. Under these excitation conditions,

only the low-energy feature can be observed, consistent with the
spectra observed for pure 3D perovskites under the same excitation
conditions (Figure 5e). This observation rules out the possibility of a
higher-lying sub-band structure at 540 nm introduced by neoPACl. As
a result, we attribute the high-energy transient feature in Figure 5a to
the quasi-2D species with n = 2, as confirmed by GIWAXS and XRD in
Figure 2.

Figure 5c shows the normalized kinetics of the quasi-2D and the 3D
species for neoPACl-treated sample (see non-normalized data in
Figure S14). A sharp decrease in the 540-nm feature is accompanied
by an initial (around ~1 ps) increase in the 760-nm feature. This indi-
cates an efficient charge transfer from the quasi-2D species to the 3D
species at the interfaces (see the kinetics of pristine 3D perovskites in
Figure S15). After this process, the 540-nm feature decays completely
within ~1 ns, due to the repopulation of the ground state of the quasi-
2D species. This time scale and the spectral energy match the radiative
recombination processes of excitons in the n = 2 component detected
by TCSPC at 580 nm (Figure S14C). Figure 5f shows a diagram of car-
rier dynamics in neoPACl-passivated perovskite structures. The energy
levels of quasi-2D perovskite induced by neoPACl were estimated from
ultraviolet photoelectron spectroscopy (UPS).[25] The Fermi level and
valence band minimum for neoPACl-passivated perovskite film are cal-
culated to be �3.97 and �5.77 eV, respectively (Figure S16). Under a
520-nm pump, photoexcitations are promoted inside the quasi-2D spe-
cies at the front surface of the sample, leading to the depopulation of
the ground state of the n = 2 species. The photoexcitations near the
quasi-2D/3D interfaces undergo ultrafast charge transfer (~1 ps) into
the 3D perovskite, and the excitons inside the quasi-2D perovskite that

Figure 5. Carrier dynamics analysis in quasi-2D/3D perovskite films. a, b) Transient reflection (TR) spectra of a neoPACl-passivated sample under a 520-nm
pump and a 720-nm pump. c) Normalized kinetics (–1 to 1500 ps) of band-edge carriers of quasi-2D (n = 2) and 3D components of a neoPACl-passivated
sample under a 520-nm pump. d, e) TR spectra of a pure 3D FA(MA)PbI3 perovskite sample on a glass substrate under a 520-nm pump and a 720-nm
pump. f) Schematic illustration of photoexcitation dynamics for the neoPACl-passivated sample under a 520-nm pump.
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are spatially separated from the 3D perovskite undergo recombination
processes with a lifetime of ~1 ns. The charge carriers inside the 3D
components are initially “hot” carriers with carrier temperatures higher
than the lattice temperature.[88] These hot carriers undergo efficient
carrier-phonon interactions and cool down to the conduction band
edge of the 3D perovskite within ~2 ps.[89] TCSPC shows a photolumi-
nescence lifetime of ~692 ns in neoPACl-passivated samples, longer
than the lifetime in pristine samples of ~110 ns. (Figure 4c). This fur-
ther indicates the energy transfer could be facilitated by the quasi-2D
perovskite interlayer, and the closely separated energy levels of the
quasi-2D/3D heterojunction may lead to a more efficient energy trans-
fer route in comparison with the pristine 3D perovskite film. The loca-
tion of the quasi-2D (n = 2) perovskite above the 3D components at
the front surface is further confirmed by exciting the samples under a
520-nm pump from the back (Figure S17), where similar spectra are
observed for a neoPACl-passivated sample and a control sample, indicat-
ing negligible amounts of quasi-2D (n = 2) perovskite phase at the
back. Based on these results, we conclude that the presence of a quasi-
2D perovskite with n = 2 on the 3D perovskites extends the carrier life-
time significantly and can spatially separate carriers. Such removal of
electrons away from the perovskite/HTL interface induced by neoPACl
is ideal behavior for minimizing recombination at the interfaces in
high-performing PSC devices.

Finally, we fabricated PSCs with an ITO/SnO2/perovskite/Spiro-
OMeTAD/Au architecture to understand how the photovoltaic perfor-
mance of the PV devices employed varies with the choice of organic
spacer halide. Firstly, we optimized the concentration of the secondary
growth solution to form quasi-2D structures, exploring the effect of
concentration on device performance (Table S2). The devices achieved
optimal PCEs upon incorporating 25 mM of neoPAX/IPA solution.
Figure 6a shows the current density-voltage (J�V) characteristics of
champion devices with the post-treatment passivation strategy. Com-
pared with the devices without LDP treatment, the Voc is significantly
enhanced from 1.09 to 1.16 V after neoPACl passivation, demonstrat-
ing the excellent suitability of LDP modifier layers to passivate trap
defects at the perovskite surfaces and bulk, while enhancing the quasi-
Fermi level splitting. The control devices based on pristine FA(MA)PbI3
show a maximum PCE of 20.92%, with a large hysteresis, which points
to a defect-rich perovskite film. In comparison, the PV devices passi-
vated by neoPACl exhibit a champion PCE up to 23.35%, a significantly
enhanced Voc of 1.16 V, a Jsc of 24.71 mA cm�2, and an FF of 81.62%
(Figures S18 and S19). The negligible hysteresis further proves that the
defect-rich interface is passivated by the post-treatment. The increased
Jsc and FF demonstrate that in all cases, efficient carrier transport occurs.
External quantum efficiency (EQE) spectra of the devices are also com-
pared in Figure 6b. An integrated Jsc of 24.57 mA cm�2 from the
neoPACl-treated device is well matched with the value obtained from
the J�V curves (<1% discrepancy), whereas the control device showed
an integrated Jsc of 24.07 mA cm�2. The enhanced performance could
be attributed to the improved perovskite film quality, reduced trap den-
sity and efficient electron-blocking by the quasi-2D perovskite layer at
the 3D perovskite/hole transport layer (HTL) interface, which stands
out among similar 2D/3D structured devices (Table S3). Figure 6c
shows the steady-state PCE measured at the maximum power point
(MPP) of the PSCs. A stabilized PCE of 23.07% was obtained for the
device passivated with neoPACl biased at 1.00 V, whereas that of the
control device is 20.27% at 0.92 V.

We finally consider the choice of halide on stability, contact angle
measurements were conducted to investigate any changes in

hydrophobicity of the perovskite surface with varying halides. Imaging
the instantaneous contact angle of a water droplet upon contact with
various neoPAX-treated perovskite films revealed a reduction in hygro-
scopicity compared to the pristine perovskite film, which is a conse-
quence of the hydrophobic quasi-2D perovskite barrier layer
(Figure 6d). The quasi-2D terminated interface shows an excellent abil-
ity to block water vapor erosion, especially in the neoPACl-treated sam-
ple. We note that improved hydrophobicity could also originate from
the more slightly rougher film, increasing the amount of contact
between the hydrophobic surface and water droplet. The improved
moisture stability is further supported by high-resolution XPS measure-
ment, the C=O peak (~288.2 eV), related to the reaction between
organic component and oxygen/water exposure on the surface of per-
ovskite film,[90,91] was significantly suppressed in the LDP-terminated
perovskite film (Figure 6e). This shows that surface treatment with
neoPAX can effectively protect the perovskite from oxygen and mois-
ture in an ambient environment. Moreover, we find that the passivated
perovskite films maintain stable a-phases after 300 h of storage in the
atmosphere (20%RH) from Figure S20, while the PbI2 peak in the
pristine sample increases significantly, a result of environmental mois-
ture washing out A-site cations and leaving PbI2. As a result, the unen-
capsulated devices fabricated via the neoPACl passivation strategy
exhibit significantly improved stability when stored under dark and
ambient conditions with a relative humidity of 20%. These dark storage
studies estimate the shelf life of PSCs under environmental conditions
without exposure to light, which in line with the ISOS D-1 stability
test.[92] The control device retained around 80% of its initial efficiency
after 15:00 h of storage. In contrast, the neoPACl-passivated device
maintained >95% of its initial PCE (Figure 6f and Figure S21), demon-
strating an increased environmental resistance compared with the use
of bromide and iodide salts. Improved long-term stability is attributed
to better interfacial contact between the quasi-2D/3D interface and the
HTL. This is crucial for facilitating efficient hole transfer at the interface
and helping achieve long-term device stability.[49]

3. Conclusion

In summary, we highlighted the importance of halide choice in large
organic spacer salts for quasi-2D/3D heterojunction engineering. In
doing so, we investigated a new organic cation with three different
halides, neoPAX (X=I, Br or Cl). After systematically comparing and
analyzing the effect of halide choice on formation mechanism, crystal-
lography, and the photoelectric properties of quasi-2D/3D heterojunc-
tions, we identify that neoPACl exhibits the optimum benefit to
devices. In a key insight into the formation mechanism of the sec-
ondary low-dimensional phases, we observe that the newly formed
perovskite phases are iodide-based in nature regardless of the halide
used in the salts. However, while neoPABr and neoPAI produce a pure
2D perovskite film, neoPACl promotes the formation of quasi-2D per-
ovskites with multiple phases (n = 2) induced by the strong elec-
tronegativity of the Cl�. ToF-SIMS characterization identified the
distribution of Cl� and Br� ions introduced from the passivation treat-
ment but not incorporated into new perovskite phases, revealing diffu-
sion into the 3D perovskite. Constructing Williamson–Hall plots of the
3D perovskite crystallographic properties, we see a decrease in lattice
micro-strain, indicating that the diffused non-native halides passivate
and improve the crystallinity of the bulk. Conducting ultrafast ps TAS
on the optimum neoPACl-treated sample, we identify beneficial carrier
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transfer occurs between the surface n = 2 perovskite phases and the 3D
bulk. Ultimately, while we observe improvements in all films prepared
using a large organic-spacer salt treatment, the formation of a quasi-
2D/3D heterojunction upon treatment with neoPACl enables sup-
pressed interfacial charge recombination, remarkable energy transfer
enhancement and a PCE over 23%. Furthermore, we show evidence of
optimal environmental stability when preparing devices using a Cl-
based salt. We thus find the choice of halide for conducting 2D/quasi-
2D passivation treatments is equally important to that of the large cation
and should be carefully considered. This work has a profound meaning
for the deeper understanding of the role of halide anions in low-
dimensional phases formation, which provide design criteria for further
low-dimensional perovskite quasi-2D/3D heterojunctions for a range
of photovoltaic and optoelectronic applications.

4. Experimental Section

Materials: Lead iodide (PbI2, 99.99%) was purchased from Tokyo Chemical
Industry Co., Ltd (TCI). Formamidinium iodide (FAI), methylammonium iodide
(MAI), methylamine hydrochloride (MACl), neo-pentylammonium iodide (neo-
PAI), neo-pentylammonium bromide (neoPABr), and neo-pentylammonium chlo-
ride (neoPACl) were purchased from GreatCell Solar. SnO2 colloid precursor
solution (tin(iv) oxide, 15% in H2O colloidal dispersion) was obtained from Alfa
Aesar. Lithium Bis(trifluoromethanesulfonyl)imide salt (Li-TFSI) and 4-tert-
butylpyridine (tBP) were obtained from Sigma-Aldrich. 2,2’,7,7’-Tetrakis(N,N-di-p-
methoxyphenylamino)-9,9’-spirobifluorene (Spiro-OMeTAD, LT-S922), tris(2-(1h-
pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III)tris(bis(trifluoromethylsulfonyl)imide)

(FK209) were purchased from Xi’an Polymer Light Technology. The solvents used
including isopropanol (IPA, 99.5%), N,N-dimethylformamide (DMF, 99.8%),
dimethyl sulfoxide (DMSO, 99.7%), chlorobenzene (99.8%), acetonitrile (ACN,
99.9%) were purchased from Sigma-Aldrich and without further purification.

Perovskite devices fabrication: The PSCs were fabricated with a planar struc-
ture of ITO/SnO2/perovskite/Spiro-OMeTAD/Au. The ITO glass substrate was
cleaned sequentially with HellmanexTM cleaning solution (diluted with water to
2%), deionized water, acetone, and isopropyl alcohol (IPA) in an ultrasonic bath
for 20 min. Before SnO2 deposition, the ITO substrate was treated by ultraviolet-
ozone cleaner for 15 min. Then the diluted SnO2 (VSnO2 colloidal dispersion:
Vwater = 1:5) nanocrystal solution was spin-coated on the cleaned substrate at
3000 r.p.m. for 30 s, followed by annealing at 150 °C for 30 min in air environ-
ment (30-50% RH). The SnO2 films were treated with ultraviolet-ozone for
15 min before being transferred to the nitrogen glove box. The perovskite absor-
ber films were fabricated by two-step solution process:1.3 M PbI2 solutions dis-
solved in DMF/DMSO mixed solvent (VDMF:VDMSO = 9:1) and stirring overnight
before use. The PbI2 films were fabricated by spin-coating PbI2 precursor solution
onto SnO2 substrate at the speed of 1500 r.p.m. for 30 s and then annealed at
70°C for 1 min in the nitrogen glove box. FAI/MAI/MACl mixed organic compo-
nents were prepared by dissolving 60 mg FAI, 6 mg MAI and 6 mg MACl in
1 mL IPA solvent, then spin-coated onto the PbI2 films at 1600 r.p.m. for 30 s.
The intermediate phase film was put on a hotplate at 150°C for 15 min in air
environment. After the substrate cooling down, the perovskite film was spin-
coated with 25 mM neo-pentylammonium iodide (neoPAI), neo-
pentylammonium bromide (neoPABr) and neo-pentylammonium chloride (neo-
PACl) solution (dissolved in IPA) at 3000 r.p.m., then annealed at 100 °C for
5 min. The hole transfer materials were prepared by dissolving 90 mg Spiro-
OMeTAD in 1 mL chlorobenzene solvent and then 35 mL tBP, 23 mL Li-TFSI
(520 mg mL�1 in acetonitrile), and 10 lL FK209 (300 mg mL�1 in acetonitrile)
were added. Subsequently, Spiro-OMeTAD solution was deposited onto the

Figure 6. a) J�V curves with reverse (1.2 to �0.1 V) scans of devices fabricated with the untreated film and with different alkylammonium halide
treatment. The scan rate is 100 mV s�1. b) EQE curves and integrated current density spectra of control and post-treatment devices. c) Stabilized PCEs
measured under maximum power point tracking for 120 s of various devices (voltage 0.92, 0.96, 0.98, 1.00 V for the control, neoPAI, neoPABr, and neoPACl
samples, respectively). d) Images of water droplets on the surface of 3D pristine and LDP-passivated perovskite films. e) High-resolution C 1s core level of
perovskite films without and with the passivation of neoPAI, neoPABr, and neoPACl treatment. f) Comparing of long-term stability tests on the
unencapsulated devices under ~20% RH at room temperature.
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perovskite film at 4000 r.p.m. for 20 s. Finally, 100 nm Au electrode was thermally
evaporated on hole-transporting layer to complete the whole devices. The 2D
perovskite films of (neoPA)2PbI4, (neoPA)2PbBr4, (neoPA)2PbCl4, and (neo-
PA)2(FA)Pb2I7 for XRD measurement are prepared by dissolving 1 M PbI2 and
neoPAX powders in stoichiometric ratio in in DMF/DMSO mixed solvent (VDMF:
VDMSO = 9:1). 20 mg mL�1 (in CB) PCBM was spun onto the perovskite layer at
1500 r.p.m. for 30 s with a ramping rate of 500 r.p.m. s�1 for preparing electron-
only devices with the structure of ITO/SnO2/perovskite/PCBM/Au.

GIWAXS characterization: Grazing incidence wide-angle X-ray scattering
(GIWAXS) was collected using a Xeuss 2.0 system (XENOCS) with 9.243 keV
(k = 1.3414 �A) photons produced from a Ga MetalJet (EXCILLUM) source. X-
rays were then directed onto the sample surface at grazing incidence angles (ai)
of 0.2°, 1°, and 2° as indicated. Scattering from the film was detected using a
PILATUS3R 1 M detector (DECTRIS) at approximately 300 mm sample to detec-
tor distance. The flight tube and sample chamber were held under vacuum to
minimize any background scatter. Data were calibrated with an AgBe standard,
before being processed and integrated using routines based on the PyFAI and
Pygix libraries.[93] Where shown, equivalent 2h values were calculated using Cu
Ka emission of k = 1.5406 �A with the relation Q = 4p sin(h)⁄k.

The ultrafast transient reflection spectroscopy characterization: For the
transient reflection spectroscopy, the output of a Ti:sapphire amplifier system
(Spectra Physics Solstice Ace) operating at 1 kHz and generating ~100-fs pulses
was split into two beam paths, pump and probe. The 520- and 720-nm pump
pulses were generated in a home-built noncollinear optical parametric amplifier
(NOPA), which was blocked by a chopper wheel rotating at 500 Hz. The visible
broadband beam (520–780 nm) was generated in a home-built noncollinear opti-
cal parametric amplifier (NOPA) while a computer operated a mechanical delay
stage (Thorlabs DDS300-E/M) to adjust the delay between the pump and the
probe. The white light coming out from the delay stage was split into two identi-
cal beams (probe and reference) by a 50/50 beam splitter. The reference beam
did not interact with the pump at the sample, which allows for correcting for
any shot-to-shot fluctuations. The reflected probe and reference pulses were col-
lected with a silicon dual-line array detector (Hamamatsu S8381-1024Q, spectro-
graph: Andor Shamrock SR-303i-B) driven and read out by a custom-built board
(Stresing Entwicklungsb€uro).

Film characterizations: XRD and GIXRD patterns of the films were recorded
by X-ray diffractometer PANalytical X’Pert Pro with Cu Ka (k = 0.154187 nm)
radiation. The surface and cross-sectional morphologies were acquired by a field
emission SEM (Jeol 7100F). AFM images were obtained using a Bruker Multimode
8 scanning probe microscope (tapping mode). Steady-state PL measurement was
carried out using an FLS1000 Photoluminescence Spectrometer in which a
450 nm monochromatic laser was used as an excitation fluorescence source. The
time-correlated single-photon counting technique was used to count emission
photons, which was investigated by confocal microscope setup (PicoQuant,
MicroTime 200). Perovskite films were excited by a pulsed diode (PDL 828, Pico-
Quant, pulse width ~100 ps) with an air objective. The signals were focused onto
a Hybrid PMT detector connected to a Picoquant acquisition card for time-
correlated single-photon counting with a time resolution of 200 ps. UV-visible
absorption spectra of perovskite films were performed by Varian Cary 5000 UV-
vis-NIR spectrophotometer, in which monochromatic light was incident to the
substrate side. ToF-SIMS depth profile analysis was conducted using an TOF.SIMS
5 system, ION-TOF GmbH (M€unster, Germany). XPS measurement was per-
formed on a ThermoFisher Scientific Instruments (East Grinstead, UK) with a
monochromated Al Ka X-ray source (1486.6 eV) in a vacuum of
3.0 9 10�8 Torr. Ultraviolet photoelectron spectroscopy was recorded with an
Imaging Photoelectron Spectrometer (Axis Ultra, Kratos Analytical Ltd), with a
nonmonochromated He Ia photon source (hm = 21.22 eV, emission current is
10 mA).

Photovoltaic device characterization: For the whole devices, current–voltage
characteristics were recorded under ambient temperature and air conditions. J�V
curves were obtained using a Keysight B2901A Source Meter under standard AM
1.5 G illumination (100 mW cm�2) with a solar simulator (Enli Technology Co.
Ltd., Taiwan, SS-F5-3A). The light intensity was calibrated by a standard
monocrystalline silicon solar cell with a KG-5 filter, and a reference cell was pur-
chased from Fraunhofer ISE CalLab (ISE001/013-2018). Both reverse scan (from
1.2 to �0.2 V, step 0.02 V) and forward scan (from �0.2 to 1.2 V, step 0.02 V)
were carried out with a delay time of 100 ms. The active area was determined by

a 0.09 cm2 metal mask placed in front of the solar cell. EQE spectra were mea-
sured using an internal quantum efficiency system (Bentham PV300) under irradi-
ation by a 100 W Xenon lamp ranging from 300 to 850 nm.
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